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SUSY at the LLHC
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General features for SUSY at the LHC

Dom mnated by the production of glumos and squaiks,

unless they are too heavy
Squark and gluino
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The glumos and squarkstascade down
generally m sevemral stepdo the final states mcliding
m ulti-ets @nd brlkptons) and undetected two LSPs



Characteristic signals of SUSY wih R

hvisblk LSPs

M ssing Transverse Enewgy

Decays of squarks and glimnos
Large m ulplcity of hadroni pts

and or
Decays of skptons and gaugmos

Kolhted lkeptons



M easurem ent of SUSY m asses

Precise m easurem ent of SUSY particke m asses

Reconstruction of the SUSY theory
(SUSY braking mechanism )

SUSY events always contamtwo mvisbl LSPs

No masses can be reconstmucted diectly

One prmom ising appmwach

Hentify particular decay chaiand m easure
kinem atic endpomtsusing visbl partccles
(functons of sparticle m asses)



W hen a bng decay chain can be ientified,
varbus com binations of m assean be detem ined

n a model mdependent way
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Cam brdge m,, variable

S transverse M ass)
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Cam br.'dge m., Lester and Summ ers, 1999)

. Massive particles pair pmwduce

Each decays toone visbk
}pT and one mnvisblparticke.

For example,
D1

o X+ > X+ 7050

For the decay, 7_> ])?

) > (where E.=1/p2+m’ )
m;=mz(pr-Pry) T \/pT

) 2 - '
=mj; +mj + 2(ET,_:ET;§ —Pri 'PT)?)



I_f' Pry and pr,  were o'btaina'ble,
ot = max(m3(pry-pry) 3 (prre-pry,)
([ﬁr =Py, _l_PT% total MET vector in the event )
However, not know ing the form of the MET vector splitting
the best we can say is that :
m7 > M7,

= min [maX{m%”(pﬂ_-’Eél)-’m%”(PTI*-’.ﬁZ)}]
P1TP>=Pr

w ih m nim zation over all possbl trial LSP m om enta



do/dMy, (events/30fb™" /2GeV)

M, distrbution Prpp X+ > X+ )Y
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mp, = 157.1GeV, mzo=121.5GeV.
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My ~ 157 GeV

Mmgo = 121.5 GeV



The LSP mass neededas an mpufbr iy cakulation
But it m ght not be known in advance

m_, depends on &rial LSP mas’/!x
Maximnum ofm as a functon of the trial LSP m ass

M2
i
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- Lester and Summ ers, 1999)
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Can the correlation
be expressed by
an analytic formula
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Events/8 GeV/30 fb™

Riyht handed squark m afom the p

~ ~0 _ ~0 BR(qr — qx}) ~ 100%
dr qr — 4 X1 9 X4

m qR ~ 520 GeV, mLSP ~96 Ge
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Unconstraned m ninum ofm

2 a2 | a2 g X 4 X
my = m, +m;, +2(Ep By — pr- pr)
om>.
(P )k

— 9 Eq(p%;)k_ q L —1.9
2Py (k= 12)
T

At an unconstrained m minum , we have

, e , , Py P
moy(min) =m, + M., when — = =
WL‘- I

Trial LSP m om entum



Solution ofp, (the balanced soluton)

q(1) _ x(1)

My = min [max{n*zér(pT Pr ), mT(p%() p»}@))}}
(1)+DX(2)—D¥%

wih pi 4 pi? =pres = —(pi 4 pi?)  (Or no BR)
(=) Q)
4]
el T M

|

Myl m{l— m %

Trial LSP mom enta

m, :the minimum ofmnsubject to the two constramnts

T2

mT(l) = FF) , and Tp(l) -|-#(2) = pl'ss



The balanced solution of squark p

n teims of vsblke momenta
Lester, Barxr 0708.1028)

mT2:P0+\/P02+mi m, = 0)

. 1 + cosH 1 9
w ith %:¢<2 o 1p



I onler to get the expression for m*

W e onky have to consier the case where
two mother particles are at restand all decay prducts

are on the tansygise. phnpLt RIPtPR, beay) ) directon,
for no SR

See K.Chois Tak

I the rest fram e of squark, the quark mom e

2 .9
Pl — Mg — Mg
I 2m@:

if both quark mom enta are along the direction of thdransverse plan



The m axin um of the squaik @ccurs at

Largest My, (GeV)
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Analytic expression w ith true
Squark m ass and true LSP m ass



Som e rem arks on the effect of squaxrk bc

h genemal, squarks are produced with non-zeyo p

The m, solution i invariant under

back-to-back transverse boost of m other squarks
@ll visble momenta are on the transverse plane)
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Glumo’'m variable



Gluino m, (stransverse m ass)

A new observable, which is an application qof mariable to
the pmwcess

o —s 37 =0 =0
PP — 99 — 44Xy 44X,
)S are pair produced in protonproton collision

glimodecays into two quarksand one LSP

'\jm/ through three body decay (©ffshel

Ej\_—q or wo body cascade decay (©n-shell



For each glumno decay,
the olbw ing transverse can be constructed

2 2 2
mT(mQ’Q‘T? Ty p%qﬂ p%) — mqu + mx + 2(E%QE% R p%q ' p%)

qq
Mgqr and pr : m ass and transverse m om entum quf system

X
m, and py : trial m ass and transverse mom entum of the

Ef = \/Ipf)? +m2y and B} =/|p}2+m2

W ith two such glimo decays :n each event,
the glummo p s defined as
Mo (§) = min [ma}{{ m.%.(l)j m%(z)}
p§(1)+p§(2) :p:}}iss

(m inim ization over all possible trial LSP m om enta)



From the definiton of the gluimo n,

mra(g) < mg; for m, = Mo
Therefore, if the LSP mass is known, one can detemn e

the gluino m ass from the endpoint m easurem ent of the gl
m ., distribution.

mEX(my ) = max  [mya ()
| all events

However, the LSP mass m ght not be known in advance
max

and then, m7p3(m,) can be considered as a funct
the bl LSP mass m, , satisfying

A IMAX [ 0y o I
mps*(m, = m.;{,g) = my



Each mother particke .0

p.&
produces Lo

one mvisbk LSP

0
and more than one -i <

visble partccles

mr|

__.:Zél_% "

Possb ke m. values

for three body decays
of the glumo :

0 < myq < mg —mgo



I the fam e of glmnosat rest

-"‘x-"la ¢--- <q' m Two sets of decay prducts
1

9% have the same p and
are naralkel to each other

Aila <Q- m ( 0 =0 ) on transverse plk
<- g 9%

(0 < myy < mg —mgo )

D iquark m om enta

\/ [mé — (mgo + Myq)?] [?né — (mgo — Mgq)?]

2mg

p| =

G luino m,
My = \/ ma, + P + \/ m3 + [p|?




The gluino jy has a very interesting property

Mg = \/mz + |p]? + \/mi + |p|? (0 < mgg <mg —mgo )
2, 2 2
dmps My { (m_@ + m~g mqg)
dmyg Mg (mg +m2, —m2 )2+ 4mz(m2 —m?,)
X f} X X1

= 0 f my =mg m,, = m_gliino forally,

> 0 af my > my The m axinum ofmoccurs when m [ @ ax)

< 0 1tmy< g0 The m axinum of,moccurs when m 0

This result i plies that

mops (My ) = (m§ — mﬁ) + m, for m, > M0
2 2 2 2 \ 2
e () G Mg T > f <
m m = —+ —+ m# or M- < 1Mo
T2 X zma 2m§ X X X1

( This conclusion holds alko for more general cases wherg mis different from m_, )



for m, > mg

=




Unbalnced Soluton ofm can appear

for m, > M0

Yy

1 ITHN 2
mn‘.; =My & Mg =0

Trial LSP momenta

In some momentum configuration ,
unconstrained m inimn um of ong”mis larger than

the corresponding other fh
Then, m , is given by tHuaconstrained m inin um of%h

mszax)= g&ﬁnax)-k ;n




Glimno m, dstrbutons for AMSB bechm ark poai

True glumno mass = 780 GeV,
True LSP mass = 98 GeV
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¥ the function  mp5*(my) could be constructed fiom
experin ental data, which would identify the crossing poi
one will be ablk to detem mme the glumno mass and

the LSP mass sin ullaneously.

g Al mrmy) = (mg—mgy) +m,
o - mAMSB(heayy squark) //
850 ; / ‘ ‘ ‘ ) 2
F / m2 — m?2, m2 — m2,
B . ; 4q X g X ’
- 900 - € mm‘a-x(m ) = — A . & + m2
;q B E /// f// T2 X Qm_a J ( 2m§ ) X
E
- son |- /,,—-"'K/
: e
:“;'ﬂ'/" 7 A num erical example
700 ;/,/
; mg = 780.3 GeV, mgo = 97.9 GeV,

TR R NI BRI PN T TN T T N T YT N T Y B
i} 50 100 150 200 250 300 350

m, (GeV) and a few TeV m asses for sfemm ons



Experm ental feasbility

An examplke @ pointin mAMSB)

mg = 780.3 GeV, mgo = 97.9 GeV,

wih a few TeV sfem jon m asses
@Gliino undemgoes three body decay)

o(gg) ~ 1.1pb  B(
W ino LSP B(

— \Vqq) ~ 32%,
— X1 qq) ~ 64%.

W e have generated a MC sample of SUSY events,
which corresponds t©300 8§ by PYTHRA

The generated events further processed wih PGS detector sim ulatig:
which approxim ates an ATLAS or CMS-like detector



Experin ental selecton cuts

At kast 4 ts wit 1234 > 200,150,100,50 Gev
M issing transverse energy F7'°% > 250 GeV
Transverse sphericity S7 > (.25

No b-pts and no-leptons



The our kading paxe divided nto two gmwups
of dipts by hem ispher analysis

5eeding : The lading et and the other pt which has
the largest [pj:|AR w ith respect to the lkading
are chosen as two seed’ ppts for the division

\ssociation : Each of the rem aming Jpets is associated to
the seed Pt m aking a sm aller opening angle

¥ this procedure fail to choose two groups of et pais,
W e discarded the event



The glhimno p dstrbuton
wih the trisl LSP mass = 90 GeV

o - T Fiting with a linear function
L P2 4,965 4= 01504
- 3 w4k 175 w ih a lmear background,
1400 P4 0377+ DITSE ;
W e get the endpomts
T'E 1200 :
S e W I { & T
= m,, mnax) = (/ 2+ 2.2 GeV
E 300
,E.- 00 -
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0 The blue histogram :
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, Imax

T??fzﬁiz

as a functon of the tial LSP m ass

for the benchm ark point
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F mAMSB (heavy squark)
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The true values are
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Fiting the data points with the abov
two theoretical curves, we obtain

H+1.0Gev

76.5 4
94.9 + 1.4 GeV

mg = 780.3 GeV, myo = 97.9 GeV,
i %



For case of two body cascade de

mg < Mg, §— qf — qqx;

m2 — m2)(m?2 — m?2,
(m;

0 < m{l} -m.@} < ! ! X

vis? vis — 2
\ T??..(nj

Therefore, for m, > M0

9 2
max Mg g mg Mo
mpy~ = (79(1—3)+79(1 X:zl))

2 m2 2
Ny m~ M= 0 ‘
| 21— =) - 21— —4) | +ml.
VA2 :

mg 2 m=



max [
M E

m E

For three body decay

=
111¢ m

dfg]ﬂx /(i?:"?}( )nlx =1 -

mys m,

X1

dfgm‘:"‘ /d'ﬂ'?-g( )mx =m.

<1

For two body cascade decay

max

]

m <m
(]

3 .

-0 m
X

(ﬂ.?:max)?. L (,:_,n!min)Q

Vs

V18

> 1

~

m2 + m?2,
1

— (mmax)2

VL8



mSUGRA with light squarks

mg = 613, mz; =525, m

P 610.5 g 2.074
02358 oo

P4 -1.036 &+  0.28385E-D1
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Som e Rem axks

The above resulls DO NOTmnclude system atic uncertamnties
associated wih, for exam pl,fit finctionand
fit angeto detem ine the endpomt of mT2 distrbution e

For spsla case, lhmge contrbutions fiomsquark-ghimo
events. Still the maxmum of mT2 distrbution is detem i
by glhhmo-glhimoevents. Need to understand
contrbution fiom squark-glumno events (@symm etric even

W /4Z + mutiets (SM backgmwunds) are not included



Possble in provements (?) of kink m eth

hstead of ptparing wih hem ishpere analysis,
cakulate m, for all possble diwvisions of a gwen event
nto two sets and then m inim zg nM tgen)

Bar, Grpabbs and Lester @Xw 07114008 hep-ph))

A Varant of glmno’'m wih explicit constraint fiom

the endpoinnt of liquark’ mvarant m ass(M,. )

Ross and Sema @X 07120943 hep-ph))



Conclisons

W e mtwduced a new observablkglimo’ m

W e showed thathe maximum of the glumg m

as a functon of trial LSP mlaas
a kink structure at true LLSP m assfrom which
glimo massand LSP m asscan be detem ined

sin ulkaneously.



BACKUP



Theoram : Cho,Choi, Kin and PadxXir 07114526

m,_, of any event induced by mother particle pair having

a vanishing total ttansverse momentum in Lab. frame
s bounded fiom abovby anothemm,, of an event mnduce

by m other particle pair at rest

vis (i i
mra(Pr @) , -n'a..,g,gq, my) < mpia(q

a

vis(i z
117 Q(l) .! T??qu \ ﬂ'?j{ )

for generic p”*'* measured in the laboratory frame.

where () is the Lorentz boost of p*®*® to the rest frame of the ¢-th mother particle,

vis(1

T’ is the plane spanned by q ) and q’ (2)

The equality in the above bound holds when T=T'



For the g solutbn, we can consier
the first decay prwducts as havnqtomlm assm,, ,

(1) (1)
total tansverse mom entum Pr’ =Py + Py
and total tansverse enemyE!’ = E{Y 4 pX
Sim ilarly, for the second pmwducts, we have

p,Y= $, E =P
Arbirary back-to-back transverse boost the system s
Pm! = f-;...-p(l} q--,zi?E,EU
P?) = ’7}3’52) — “}-"ﬁEr{?}
Then, Pm +pr =Py )+p(2)) 0.
+pr}() — ( + tf(E)f)

W e havevald splitting of total M Eand thus msoluton.



The balanced m T2 solition

(m]j'f‘j)'2 m? + Ar

2 .
\ 247 — (mgg) — (mﬂ)

— 0_0 - =
;4]" — (I Cl’-z ‘|‘ ¥y - ﬂ."j

Am? .
+ [ 1+ - - (A%—

(ﬂ’l

(1)

V18

_ povis(1) pis(2 uqill vis(2)

T

m

(2)

s

.:)E)H



SPSla pomnt

S

c(g9g) ~ 4.2 pb, o(gq) ~ 21 pb, and o(qq) ~ 9 pb

g — qq — X1qq is B(g — xXiqq) ~ 40%,

B(g — X5qq) ~ 7%, and B(g — Xiqq) ~ 14%



